Influenza A viruses contain a segmented genome made up of eight negative-sense single-stranded RNA molecules. In the virus particle, the genome is found in the form of ribonucleoprotein (RNP) complexes, in which the virion RNA is associated with four virus-encoded polypeptides, the P proteins (PB1, PB2, and PA), which constitute the viral polymerase, and the nucleoprotein (NP). It has been shown that these four proteins are absolutely required for expression of influenza virus-like RNAs in vivo (11, 21, 25, 37) and that the RNP complexes constitute the functional templates for replication and transcription of the viral genome (reviewed in reference 30).
In the virions, the P proteins are present in catalytic amounts and appear to be located at or very close to the end of each RNP complex, as shown by immunoelectron microscopy studies (39) . In agreement with these results, it has recently been reported that the P proteins bind specifically to the 5Ј and 3Ј conserved sequences found in all eight viral RNA segments (16, 55) .
The NP is a major structural component of the viral particle and encapsidates the viral RNA (14, 27, 29, 43) . It has been calculated, on the basis of the stoichiometry of NP in RNPs, that one NP interacts with 20 nucleotides of virion RNA (10) . It has been suggested that the RNA is coiled around the outside of the RNP complex, because this structure is maintained when the RNA is removed by treatment with RNases or is displaced from the nucleocapsids by polyvinyl sulfate (14, 26, 27, 43) . In addition, a peculiar feature that distinguishes the influenza virus RNP complex from the nucleocapsids of other negative-sense single-stranded RNA viruses is the inability to band the influenza virus RNPs in CsCl gradients unless the NP had been previously cross-linked to the RNA (26, 29) .
The influenza virus NP, isolated from virions or obtained from a recombinant cDNA, displays DNA-and RNA-binding activity in vitro (3, 26, 59) . It has been shown that NP can bind any RNA longer than 15 nucleotides (59) and that the protein does not show higher binding affinity for RNA molecules containing viral sequences (3, 26, 59) . This situation contrasts with that found in other viral proteins, such as, for example, the nucleocapsid protein of vesicular stomatitis virus (6, 38) , the capsid protein of Sindbis virus (57) , and the coat protein of tobacco mosaic virus (5) , which selectively encapsidates viral RNAs over other nonviral transcripts in vitro. Despite the fact that NP binds with similar affinities to viral and nonviral RNA molecules, purified NP freed of RNA, obtained either from virions (20, 33, 41, 49, 60) or from influenza virus-infected cells (36) , can be complexed with synthetic viruslike RNAs and can reconstitute RNP complexes, making them fully competent to transcribe the encapsidated RNA in vitro and to express it in vivo.
In addition to its structural role, genetic and biochemical evidence indicates that the NP is involved in the process of virus-specific RNA synthesis. Thus, temperature-sensitive mutants in the NP gene show defects in RNA synthesis (reviewed in reference 34), antibodies to the NP inhibit the transcriptase activity associated with disrupted virions (2, 56) , and nucleocapsids in which most of the NP has been removed are unable to synthesize template-sized RNA transcripts (20) . Furthermore, free NP molecules not associated with nucleocapsids are required for antitermination during viral mRNA synthesis and for elongation of virion RNA molecules (4, 50) .
The 498-amino-acid influenza A virus NP is highly conserved among influenza A viruses (19, 48, 51) . The protein is rich in arginine (9.6%), glycine (8.2%), and serine (8.2%) residues and has a net positive charge at neutral pH (58) . However, there are no major clusters of predominantly basic residues which could presumably bind the RNA genome (58) . In addition, the protein does not contain any of the canonical consensus RNA binding motifs (RGG [24] , KH [1, 53] , arginine rich [31] , and RRM [23] ) found in other RNA-binding proteins (reviewed in reference 8).
To better understand the functions of the NP, both as a structural component and as a functional component of the RNP complexes, we decided to analyze its RNA-binding properties and to map the protein regions involved in RNA binding.
MATERIALS AND METHODS
Plasmids. Plasmid pGEM-NP (37) contains a full-length cDNA encoding the NP gene of influenza A/Victoria/3/75 virus (12) , cloned in the polylinker of pGEM-3 vector downstream from the T7 RNA polymerase promoter. The nucleotide sequence of the cloned gene was determined by the dideoxy method with T7 DNA polymerase (Sequenase) and NP-specific primers. The deduced amino acid sequence was identical to that reported for the A/Beijing/39/75 (H3N2) strain (51), except for one amino acid substitution (D to N) at residue 34. Plasmids derived from pGEM-NP, encoding deletion mutants of NP, were obtained by standard techniques (46) by taking advantage of restriction sites present in the cDNA.
Plasmids containing the maltose-binding protein (MBP) fused to various fragments of the NP were obtained by subcloning various NP cDNA fragments in the polylinker of plasmid pMAL-c (which encodes a malE-lacZ␣ gene fusion) (New England Biolabs) downstream from the malE gene. All plasmids derived from pGEM-NP and pMAL-c were characterized by restriction analysis and sequenced across the fusion junctions.
Plasmid pPB2CAT9 (a gift from M. Krystal), which mirrors plasmid pIVA-CAT1 (33) , contains the coding sequence of the chloramphenicol acetyltransferase (CAT) gene in negative polarity flanked by the 5Ј and 3Ј nontranslated sequences of the influenza virus segment encoding PB2. Plasmid pBSKpolyA (a gift from F. Gebauer) contains a fragment of 73 A residues cloned in the polylinker of pBluescript II SKϪ (Stratagene). These two plasmids were used to synthesize the 32 P-labeled RNAs used in the RNA binding assays. Preparation of RNA probes. Plasmids pPB2CAT9 and pBSKpolyA were digested with the appropriate restriction enzyme and transcribed in vitro with T7 RNA polymerase in the presence of [␣-
32 P]CTP. After the transcription reaction, plasmid DNA was digested with DNase I and the RNA transcripts were purified by chromatography on Sephadex G50-80 columns. Plasmid pPB2CAT9 was digested with either HgaI or RsaI to yield a full-length influenza virus-like CAT RNA or a short transcript (71 nucleotides in length), respectively. Plasmid pBSKpolyA was digested with XbaI and transcribed with T7 RNA polymerase to yield a 120-nucleotide-long RNA containing 73 U residues.
Purification of NP from virions. Influenza A/Victoria/3/75 virus was grown in embryonated eggs, and viral cores were prepared as described previously (2) . RNP complexes were then centrifuged through a CsCl-glycerol step gradient to dissociate the complexes into their RNA and protein components (20, 36) . The fractions of the gradient enriched in NP were harvested, dialyzed (as described in reference 41) , and stored at Ϫ80ЊC.
In vitro transcription and translation. The pGEM-NP-derived plasmids were linearized with XbaI restriction enzyme and transcribed in vitro with T7 RNA polymerase (Promega), and the resultant RNAs were translated in a rabbit reticulocyte lysate (Boehringer Mannheim) in the presence of [ Ribonucleotide homopolymer binding assays. Experiments were essentially done as described previously (9, 54) . Briefly, after in vitro translation, an aliquot of the rabbit reticulocyte lysate (3 l) was diluted to 16 l in binding buffer (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 2.5 mM MgCl 2 ) and supplemented with 1 mM CaCl 2 and 2 U of micrococcal nuclease (Boehringer Mannheim). After incubation for 10 min at 30ЊC, the mixture was then supplemented with EGTA (up to 5 mM) to inactivate the nuclease and diluted with 150 l of buffer A (binding buffer containing 0.6% Triton X-100 and the indicated concentration of NaCl [ranging from 0.1 to 2 M]). The samples were then incubated with 40 l of the ribonucleotide homopolymers bound to agarose beads (Sigma [0.6 mg of polyribonucleotide per ml of agarose]). After incubation for 10 min on a rocking platform at 4ЊC, the agarose beads were pelleted with a brief spin (15 s) in a microcentrifuge, resuspended in buffer A, and pelleted through a 100-l cushion containing buffer A and 50% glycerol. The agarose beads were then washed twice more in buffer A, dried, and boiled in sodium dodecyl sulfate (SDS)-sample buffer. The eluted proteins were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by fluorography. The percentage of protein bound to the agarose beads was determined by densitometric analyses of the fluorograms.
The experiments to determine the binding affinities of purified NP to ribonucleotide homopolymers were carried out as described above, except that the nuclease and EGTA steps were omitted. Upon elution of the bound proteins in SDS-sample buffer, they were resolved by SDS-PAGE, transferred to nitrocellulose paper, and developed with an anti-NP-specific antiserum.
Expression of the MBP-NP fusions. All pMAL-c-derived plasmids were transferred to Escherichia coli XL1-Blue cells (7) for expression of the corresponding MBP fusion. The conditions for induction with IPTG (isopropyl-␤-D-thiogalactopyranoside), preparation of the cell extracts, and binding of the fusion proteins to amylose resin columns were those recommended by the manufacturer (New England Biolabs). Proteins bound to the amylose resin column were successively washed with 10 column volumes of buffer B (10 mM Tris-HCl [pH 7.5], 1 mM dithiothreitol, 2 M NaCl) and buffer C (10 mM Tris-HCl [pH 7.5]), 1 mM dithiothreitol, 100 mM NaCl). The fusion proteins were then eluted from the column in buffer C containing 10 mM maltose, adjusted to 20% glycerol, and stored at Ϫ20ЊC.
Nitrocellulose filter binding assays. Aliquots of the MBP fusions (100 to 500 ng) were mixed with 1 to 3 ng of 32 P-labeled RNAs (20,000 cpm) in binding buffer (final reaction volume of 50 l). After 10 min of incubation on ice, samples were filtered through nitrocellulose paper (Millipore) (0.22-m-pore size), which had been previously soaked in binding buffer, and washed with 10 ml of the same buffer. Radioactivity bound to the filter was measured by Cerenkov counting, and the efficiency of binding was determined as a percentage of the radioactivity included in the experimental samples.
Gel shift assays. Mixtures of RNA and MPB fusions were prepared and incubated as described in the previous section. Upon incubation, the samples were supplemented with glycerol (up to a final concentration of 10%) and electrophoresed in 0.3% (wt/vol) agarose gels containing 0.5ϫ TAE buffer (40 mM Tris base, 19 mM glacial acetic acid, 1 mM EDTA). The agarose gel was soaked in a 5% trichloroacetic acid solution for 30 min, washed several times with water, dried, and exposed to X-ray films.
UV light-induced cross-linking assays. Mixtures of RNA and MPB fusions were prepared as described above and incubated at 22ЊC. After incubation, the samples were irradiated for 10 min with a UV lamp (250 nm) placed 4 to 5 cm above the samples and then were treated with 3 g of RNase A (to remove all but the few nucleotides of the RNA probe which were directly linked to the protein) for 20 min at 30ЊC. Samples were then boiled in SDS-sample buffer, subjected to SDS-PAGE, and analyzed by autoradiography.
Sequence analyses. Sequence searches were carried out with GENEQUIZ (47). This tool facilitates searches in the most updated sequence databases and includes algorithms for sequence searches and multiple-sequence alignment. Secondary structure was predicted with the PHD program implemented at the EMBL file server (45) . Database searches with specific sequence patterns were carried out with SCRUTINEER (52).
RESULTS AND DISCUSSION
RNA-binding characteristics of NP. In order to determine the NP region(s) required for RNA binding, it was important to know some specific features of the NP-RNA interaction. To this end, NP devoid of RNA was purified by centrifugation of RNP cores through CsCl-glycerol gradients (Fig. 1A) and its RNA-binding characteristics were analyzed in different assays. The purified protein retained RNA-binding activity in nitrocellulose filter binding assays (35) , but as previously reported by others (3, 26, 59) , we failed to detect specific binding of the protein to RNA molecules containing viral sequences.
It was then decided to investigate the binding of the NP to the ribonucleotide homopolymers poly(G), poly(A), poly(C), and poly(U), immobilized on agarose beads, at various salt concentrations. This kind of approach has been used to classify (54) and characterize the RNA-binding properties of heterogeneous nuclear RNPs (9, 24) and other RNA-binding proteins (15, 53, 61) . As shown in Fig. 1B , at low salt concentrations (0.1 M NaCl), NP bound all four RNA homopolymers, and this interaction was still maintained at 0.5 M NaCl, indicating the high affinity of the protein for RNA. It was necessary to increase the salt concentration up to 1 M to detect significant differences in binding specificity; at these high salt concentrations, the NP bound only to poly(C) and poly(U) homopolymers. It should be noted that the results shown in Fig.  1B actually reflect the binding of NP to the agarose-bound homopolymers, because NP was not detected when the agarose beads were not included in the reaction mixture (Fig. 1B, lane  b) .
It has been suggested that the NP-RNA interaction involves electrostatic interactions of basic residues of NP with the negatively charged phosphate backbone of the RNA. However, the fact that NP displays a binding preference towards pyrimidine ribonucleotide homopolymers suggests that there are also contacts between amino acid residues and nucleotide bases. Although the relationship of this NP binding preference with binding of NP to a virus-specific RNA sequence is not straightforward, it is worth mentioning that the influenza virus RNA segments, unlike those of other RNA viruses, are rich in uridine residues (44) and that the 3Ј conserved ends of virion (viral RNA) [5Ј . . . CCUGCUUU(U or C)GCU OH 3Ј] and template (cRNA) (5Ј . . . CCUUGUUUCUACU OH 3Ј) RNA molecules are rich in pyrimidine residues (13) .
Binding of translated NP and truncated NPs to poly(U) and poly(C). To identify the domain or domains of the NP that confer RNA binding, it was decided to evaluate the RNAbinding activity of in vitro-translated NP fragments to poly(U) and poly(C) homopolymers immobilized on agarose beads. It should be mentioned that a similar experimental approach has been utilized to map the protein regions relevant for RNA binding in many RNA-binding proteins, which bind RNA homopolymers in vitro but whose specific RNA targets are presently unknown (9, 15, 53, 61) .
A set of plasmids encoding internal in-frame and carboxyterminal deletions in the NP were prepared (Fig. 2A) . Each plasmid was then transcribed and translated in vitro (Fig. 2B) , and the individual protein products were assayed for binding to poly(U) and poly(C) at various salt concentrations (Fig. 2) . Under the assay conditions used, ϳ50 and ϳ25% of the intact NP bound to poly(U) at NaCl concentrations of 0.1 and 0.2 M, respectively. This binding efficiency (percentage of protein bound to total input protein) is similar to that described for other RNA-binding proteins assayed in similar tests (9, 53, 61) . In addition, ␤-globin protein (translated in vitro) did not bind poly(U) at any of the salt concentrations tested (data not shown), and none of the NP-derived translated polypeptides were detected when the agarose beads were not included in the incubation mixture (data not shown). As shown in Fig. 2C, D , and E, mutants lacking carboxy-terminal amino acids (d1, dS, dH, and d10) bound poly(U), suggesting that the C terminus of NP is not required for RNA binding. This suggestion was further supported by the fact that mutant d12, which includes amino acids 355 to 498 of NP, did not bind the RNA homopolymer. In addition, residues 256 to 339 do not seem to be the major determinants of RNA binding, because mutants d3 and d8, which lack these sequences, efficiently bound the homopolymer. However, removal of the N-terminal segment of NP strongly reduced the RNA-binding activity of the mutated proteins. Thus, the binding activity of mutants d6 (lacking residues 78 to 161) and d7 (lacking residues 161 to 254) to poly(U) was reduced at 0.1 M NaCl (Fig. 2C) , and it was practically abolished when these proteins were tested under more stringent conditions (0.2 M NaCl) (Fig. 2D) . In fact, these two mutants, but not proteins d1, d3, and d8, showed reduced binding to poly(C) at 0.1 M NaCl (Fig. 2E) . Another N-terminally truncated mutant, protein d11 (lacking residues 5 to 78), showed reduced RNA-binding activity when tested at 0.2 M NaCl (Fig. 2D) , although it bound poly(U) at 0.1 M NaCl (Fig. 2C) . Altogether, these results indicate that amino acids 1 to 254 of NP are necessary for RNA-binding activity, whereas the carboxy-terminal part of the protein seems to be dispensable for this function.
The apparently contradictory results obtained with proteins d7 and d8 deserve further comment. Protein d8 lacks amino acids 161 to 339 and binds RNA. It can therefore be interpreted that the deleted region is not required for RNA binding. If this were the case, mutant d7, lacking residues 161 to 254, should bind RNA, but it did not. These results indicated that deletions in the region extending from amino acids 161 to 254 affected the structure and/or the RNA binding domain of NP, although that effect could be compensated for by more extensive deletions. (Further comments are provided below.) In this context, it should be noted that retention of RNAbinding activity by a mutated protein implies that a functional RNA binding domain has been exposed. However, a negative result could be due to the lack of such a RNA binding domain in the mutated protein or to being masked because of disruption of the integrity of the protein.
Expression and purification of MBP fusions containing NP fragments. Although the results presented above stressed the importance of the N terminus of NP for efficient binding to RNA, it could not be concluded that this protein region contains an RNA binding determinant (i.e., is sufficient for RNAbinding activity). To determine the NP regions that directly interact with RNA, it was necessary to show that NP fragments fused to a non-nucleic acid-binding protein converted the resulting protein into an RNA-binding protein. For this purpose, plasmids containing the coding sequence of the MBP fused at the C terminus to various NP coding sequences were prepared, and the corresponding fusion polypeptides were purified by affinity chromatography on amylose resin columns. In preliminary experiments, it was observed that the protein containing the intact NP fused to the MBP (MBP-NP), purified from the amylose resin, was associated with bacterial RNA (data not shown). This fact could hamper interpretation of the RNA binding experiments; however, it was found that washing the fusion protein, while still bound to the amylose resin, in a buffer containing 2 M NaCl rendered an MBP-NP fusion practically devoid of RNA (not shown). Thus, all MBP fusions were jvi.asm.org purified through the same purification scheme, including the 2 M NaCl wash. The purity and size of the purified proteins were analyzed by SDS-PAGE. As shown in Fig. 3 , the relative mobilities of the proteins were consistent with their predicted sizes and the protein samples contained no detectable amounts of contaminant bacterial proteins. It should be noted, however, that in some of the samples (MBP-NP, F1, F4, and F5), some other protein bands with electrophoretic mobilities higher than those of the expected fusion polypeptide were observed. Some of these bands had the same mobility in the four lanes, and they were recognized by an anti-MBP serum in Western immunoblotting experiments (data not shown). This result indicated, therefore, that these faster-moving bands were MBP fusions containing short NP fragments that, most likely, appeared as a consequence of the action of bacterial proteases on specific NP sequences.
RNA-binding properties of MBP fusions. The fusion proteins were then tested for their ability to bind RNA in three complementary assays: nitrocellulose filter binding, gel retardation, and UV light-induced cross-linking. The first assay is the less-stringent assay because it only requires the RNA-NP interaction to be stable in binding buffer; the second assay requires, in addition, that the RNA-NP complexes be maintained under electrophoresis conditions. The third assay is very stringent; UV light is a zero-length cross-linking agent, thought to cross-link proteins to nucleic acids at the contact points, and therefore only proteins closely associated with RNA can be covalently linked by UV irradiation (42) .
For these experiments, we previously titrated the amount of purified NP, obtained from virions, that retained 100% of a 32 P-labeled RNA on nitrocellulose filter retention assays (100 ng of NP when 2 ng of the full-length CAT RNA probe is used). All of the MBP fusions were then tested in the three RNA binding assays at this protein/RNA molar ratio. Under these assay conditions, MBP-NP retained practically all input RNA in the filter binding assays (Fig. 4A) . The other fusion proteins, except for F3, retained amounts of RNA ranging from 25 to 61% of the input probe (as opposed to 0.2% retained by MBP and F3), indicating that they have RNA-binding activity. It should be mentioned that the relative amount of bound RNA did not change when the input RNA was a fulllength CAT RNA, a shorter derivative of this RNA (71 nucleotides long), or a short poly(U)-rich RNA derived from plasmid pBSKpolyA (see Materials and Methods [data not shown]). Moreover, when the experiments were done at lower protein/RNA ratios the percentage of bound RNA was proportionally reduced compared with those shown in Fig. 4A 
FIG. 2. Binding of in vitro-translated NP and various truncated forms of NP to poly(U) and poly(C) immobilized on agarose beads. (A)
Diagrams of the proteins used in the binding assays. For proteins containing internal in-frame deletions, the numbers in parentheses indicate deleted amino acids. Protein d1 contains an additional 16 amino acids at the C terminus, which were derived from the cloning procedure. The RNA-binding activities of the various proteins are summarized as ϩ for those proteins that bound like the intact NP in the assays shown in panels C through E, ϩ/Ϫ, for those that showed reduced binding in any of the assays, or Ϫ for those that did not bind the homopolymers at all in any of the assays. (B) Plasmids that encode for the proteins shown in panel A were transcribed and translated in vitro with a rabbit reticulocyte lysate. A sample of the translation reaction mixture was analyzed by SDS-PAGE and fluorography. (C, D, and E) in vitro-translated proteins were incubated with either poly(U) (C and D) or poly(C) (E) bound to agarose beads in a buffer containing either 0.1 M (C and E) or 0.2 M (D) NaCl as described in Materials and Methods. Bound proteins were then eluted from the agarose beads, resolved by SDS-PAGE, and analyzed as described for panel B. Panels B, C, and D were exposed for the same period of time, and the amount of protein shown in panel B was 50% of the amount used in the binding reaction mixtures.
(data not shown), indicating that the differences observed in the assay reflected differences in RNA binding affinity.
The protein-RNA complexes were also analyzed by nondenaturing agarose gel electrophoresis. As shown in Fig. 4B , complexes between the MBP-NP and the RNA were stable and remained in the loading wells, as has been previously reported for a recombinant NP purified from bacteria (26) . Proteins F1, F2, F4, F5, F8, and F9 retarded the mobility of variable amounts of the labeled probe, whereas proteins MBP, F6, and F3 did not alter the mobility of the RNA.
Upon comparison of the results obtained in the filter binding and gel retardation experiments, it is clear that only proteins MBP-NP, F1, F4, F5, and F9 behave similarly in the two assays. In contrast, proteins F2 and F8, which retained 28 and 47% of the input RNA in the filter retention assays, respectively, retarded the mobility of a very small amount of RNA in the gel shift assays, and the RNA-binding activity of protein F6 was not detected in the latter assay. These results indicate that F2, F6, and F8 had reduced RNA-binding activity compared with the MBP-NP fusion and suggested that they had lost part of the RNA binding region. Because F2, F6, and F8 proteins contained deletions at the N-terminal part of the NP molecule, it could be implied that this protein region bears an RNA binding domain. In accordance with this interpretation, protein F1, containing amino acids 1 to 180, behaves as the MBP-NP fusion in the two RNA binding assays, demonstrating the presence of an RNA binding domain within this NP region. This domain could be further subdivided into two smaller regions, because proteins F8 (amino acids 1 to 77) and F9 (amino acids Finally, whether the fusion proteins could be UV crosslinked to RNA was analyzed. As shown in Fig. 4C , NP, obtained from virions, and the MBP-NP fusion were cross-linked to RNA with similar efficiencies, whereas proteins F1 (which includes amino acids 1 to 180) and F9 (which includes amino acids 79 to 180) showed reduced cross-linking efficiency compared with MBP-NP. Longer exposure of the gel showed a faint radioactive signal associated with proteins F5 and F8, but no signal was found associated with MBP and the F2 and F6 proteins. These results provided further support to the conclusions drawn from the filter binding and gel retardation studies and demonstrate that the amino-terminal 180 amino acids or an NP fragment containing residues 79 to 180 can directly interact with RNA. Furthermore, it should be emphasized that these results were in full agreement with those obtained with the NP-deleted derivatives (Fig. 2) .
It should be noted that the purified NP and the MBP-NP fusion exhibited similar RNA-binding activities in filter retention and gel retardation assays and cross-linked similar amounts of RNA; therefore, the presence of extra amino acids at the N terminus of NP did not significantly affect its RNAbinding activity. In this context, it should be mentioned that a recombinant NP containing 32 heterologous amino acids at the N terminus also retained RNA-binding activity (26) . Some of the fusion proteins (F1, F4, F5, and F9) behaved similarly to the MBP-NP fusion in the filter retention and gel retardation assays. However, none of these fusion proteins cross-linked to RNA as efficiently as the MBP-NP fusion, suggesting that other NP regions in addition to the N-terminal domain are required for total RNA-binding activity or proper folding of the RNA binding domain.
During the manuscript submission process, a study by Kobayashi and coworkers (28) Homologies to the NP region extending from amino acids 1 to 180. The N-terminal region (amino acids 1 to 180) of NP is not particularly rich in basic amino acids (17% versus 15% of the full-length NP) and does not contain any significant amino acid sequence homology to any previously identified RNA binding motif. In addition, searches in all available databases revealed no obvious homologous sequences to the NP regions encompassing amino acids 1 to 180, 1 to 77, and 79 to 180, except for the Orthomyxoviridae family NPs.
The Orthomyxoviridae family includes the three types (A, B, and C) of influenza virus and two tick-borne viruses (Dhori and Thogoto) (17) . Alignment of the amino acid sequence extending from residues 1 to 180 of the influenza A virus NP with that of the predicted NP sequences of influenza B and C and Dhori viruses reveals the conservation of a region that includes amino acids 142 to 180 (Fig. 5A ) of influenza A virus NP. No such long conserved region was found between residues 1 to 141 of NP, because multiple gaps had to be introduced for proper alignment of this part of the protein (not shown). Therefore, although our data indicate that residues within amino acids 1 to 141 are important for the RNA-binding activity of NP, the lack of conserved features in this region precluded any speculation on the relevant residues required for this activity. We thus focused on the region shown in Fig. 5A that includes several residues conserved across all four NPs. This region is predicted to form a similar structure (alpha helix-loop-beta sheet-loop-alpha helix) in all four proteins. Remarkably, this region overlaps a 24-residue region (amino acids 158 to 182) that is completely conserved (no amino acid substitution) in more than 100 NP sequences determined for influenza A viruses (19, 48, 51) and includes the largest stretch of consecutive amino acids (GSTLPRRSG) conserved among influenza A and B viruses.
Further indirect evidence to support the hypothesis that this conserved region may be relevant for RNA binding comes from the fact that protein d8, which bound poly(U) (Fig. 2) , shares with the intact NP a G residue at position 169 and an R residue at position 175 and is predicted to fold as the NP in this region (Fig. 5B) , whereas protein d7, which showed reduced RNA binding to the RNA homopolymers (Fig. 2) , does not contain those residues at the indicated positions and is not predicted to fold as the intact NP.
Searches for proteins sharing sequence similarities to the NP region encompassing amino acids 142 to 180 yielded no obvious homologous sequence, except for a region between amino acids 148 to 163 of NP homologous with amino acids 185 to 199 of the influenza A virus PB1 protein (22) , one of the subunits of the influenza virus polymerase (reviewed in reference 30). However, RNA binding studies with the PB1 polypeptide are required to demonstrate that this region is involved in RNA binding.
We are currently preparing NP derivatives containing point mutations within the N-terminal 180 amino acids of NP to identify specific residues relevant for the RNA-binding activity of the protein. In particular, we are mutating the conserved residues, indicated by an asterisk in Fig. 5A , that may be part of a new RNA binding motif. (grant 92/0893E), and the EC (SCIENCE Program, grant SC1-CT91-0688).
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